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Recently it was proposed that the orbital ordering of n* y molecular orbitals in the superoxide 
Cs 02 compound leads to the formation of spin-1/2 chains below the structural phase transition oc- 
curing at Tsi = 61 K on cooling. Here we report a detailed X-band electron paramagnetic resonance 
(EPR) study of this phase in Cs02 powder. The EPR signal appears as a broad line below Tsi, 
which is replaced by the antiferromagnetic resonance below the Neel temperature Tn = 8.3 K. The 
temperature dependence of the EPR linewidth between Tsi and Tn agrees with the predictions for 
the one-dimensional Heisenberg antiferromagnetic chain of 5 = 1/2 spins in the presence of sym¬ 
metric anisotropic exchange interaction. Complementary analysis of the EPR lineshape, linewidth 
and the signal intensity within the Tomonaga-Luttinger liquid (TLL) framework allows for a deter¬ 
mination of the TLL exponent K = 0.48. Present EPR data thus fully comply with the quantum 
antiferromagnetic state of spin-1/2 chains in the orbitally ordered phase of Cs 02 , which is, therefore, 
a unique p—orbital system where such a state could be studied. 

PACS numbers: 75.10.Pq, 71.10.Pm, 76.30.-v 


I. INTRODUCTION 

Quantum antiferromagnets have provided one of the 
most fertile grounds for discoveries of new states of 
matter and testing the theoretical models. The one¬ 
dimensional Heisenberg antiferromagnetic chain of S' = 
1/2 spins (ID-HAF) is probably the most studied ex¬ 
ample of such quantum antiferromagnets where re¬ 
cent advances in the theoretical approachesic— have en¬ 
abled quantitative discussion of experimental data on 
model systems. Among the best realizations of ID- 
HAFs are KCuFg^-^ Sr2Cu03^--ii CUSO4 • 
Cu(C 4H4N2)(N03)2 copper- pyrimidine-dinitratei^ 

and CuSe205fi2r2S Excellent agreement between the ex¬ 
tensive experimental and theoretical work established the 
existence of gapless S = 1/2 excitations, the so called 
spinonS)^ into which the conventional S = 1 magnon 
excitations fractionalize. The low-energy description 
of gapless phases in ID-HAFs leads to the Tomonaga- 
Luttinger liquid (TLL) paradigm^ as a universal concept 
of quantum physics in one dimension, beyond the pertur¬ 
bation theory. 

In all the above-cited realizations of ID-HAFs, the spin 
states stem from the electrons in dorbitals of transition 
metal ions. Recently, an important structural and mag¬ 
netic susceptibility investigation of CSO2, a member of 
the alkali superoxide AO2 {A = alkali metal) family^^— 
suggested this compound to realize the first p—orbital 
ID-HAFi^ ID-HAF state is established in the orbitally- 
ordered phase below T^i = 61 K on cooling, where a 
spatial alignment of the tt* y molecular orbitals of 
units with S' = 1/2 results in a strong superexchange 
interaction J along the crystallographic 6—axis, i.e., the 


chain axis, while in the perpendicular crystallographic 
a—direction the exchange interaction is very small due 
to poor overlap of the corresponding molecular orbitals 
(Fig. [1}. Comprehensive ^^^Cs nuclear magnetic res¬ 
onance (NMR) measurements of spin-lattice relaxation 
rate in different magnetic fields indeed revealed the 
characteristic power law dependence ocT'^ ^ which 
is a hallmark of the TLL statej ^^i^^ The field-dependence 
of the extracted parameters quantitatively demonstrates 
that the low-energy spectrum of spin-fluctuations in the 
ID-HAF state of CSO2 can be described in terms of TLL 
yielding a dimensionless TLL exponent K « 1/4, con¬ 
sistent with the Ising-like exchange-coupling anisotropy. 
Because the proposed ID-HAF state in CSO2 is based 
on p—orbital states that occupy a different regime of in¬ 
terplay between magnetism, structure, vibrations, and 
orbital ordering than the more conventional d—orbital or 
/—orbital states, finding additional independent experi¬ 
mental evidences for the ID-HAF state is highly desir¬ 
able. 

Electron paramagnetic resonance (EPR) is a resonance 
technique that has been broadly used to study low¬ 
dimensional quantum antiferromagnets Traditionally, 
temperature dependence of the shift and linewidth of the 
EPR spectra have been discussed with the spectral mo¬ 
ment analysis, i.e., the so-called Kubo-Tomita theoryi^ 
However, this approach was suggested to be inappropri¬ 
ate in the case of ID-HAFs. Instead, Oshikawa and Af¬ 
fleck employed the sine-Gordon quantum-field theory to 
circumvent some computational difficulties of the quan¬ 
tum spin state in ID-HAFs and to predict the tempera¬ 
ture dependence of the EPR linewidth for different mag¬ 
netic anisotropies Experimental tests on model sys- 
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FIG. 1. (color online) Sketch of the Cs 02 crystal structure 
and relevant orbitals. Zig-zag chains of ordered ttJ ,, 
molecular orbitals {S = 1/2) run along the crystallographic 
&—axis. Blue and red spheres represent caesium and oxy¬ 
gen atoms, respectively. The superexchange interactions, J, 
between tt* ^ orbitals (yellow) are bridged by Cs Pz orbitals 
(green). 

terns showed an excellent agreement with this theoryi ^^d^ 
Interestingly, exact low-energy solutions for EPR spec¬ 
tra in terms of TLL exist in the spin channel only for 
metallic wires^ and are still missing for the case of in¬ 
sulating spin-chain systems. First EPR studies of Cs 02 
single crystals were reported already back in the 1970’s 
by Kanzig,— but clearly the experimental data need to 
be reinterpreted in light of the new findings. Therefore, 
we decided to remeasure the X-band EPR spectra and to 
test the data against the Oshikawa-Affleck and the TLL 
theories. An excellent agreement is found with both the¬ 
oretical models below Tgi , thus providing an independent 
support for the ID-HAF state in Cs 02 . Therefore, Cs 02 
indeed represents a rare example of the p—orbital one¬ 
dimensional quantum antiferromagnet. 

II. EXPERIMENTAL METHODS 

The Cs 02 powder sample came from the same batch 
as the one used in our previous NMR study where the 
preparation was described in detaili^ Freshly destilled 
Cs metal was oxidized with ^^©2 gas. To homogenize the 
yellow product of Cs^^ 02 , several cycles of grinding un¬ 
der a controlled argon atmosphere and temperature an¬ 
nealing in natural O 2 was processed. The sample was en¬ 
riched by the isotope to approximately 50%, accord¬ 
ing to Raman spectroscopy. Laboratory X-ray diffrac¬ 
tion at room temperature confirmed high purity of the 
sample, as all peaks could be indexed to the tetragonal, 
lA/mmm, structure of CSO 2 . No impurity phase could 
be traced down to the resolution of our XRD equipment. 

The magnetic properties of the sample, which were first 


checked by SQUID magnet ometry;^ are in good agree¬ 
ment with previous results In particular, an inflection 
in the magnetic susceptibility curve x(T) occurring near 
70 K on heating ascribed to the structural/orbital or¬ 
dering transition and a broad hump near 30 K implying 
the ID-HAF state, are clearly visible. A Curie-Weiss 
analysis of the high-temperature x“^(T) data obtained 
in a field of 0.5 T yields an effective magnetic moment 
/ieff of 2.01/rB (here, /tb is Bohr magneton) and a Curie- 
Weiss constant 9cw = — 7 K. Similarly as in Ref. [ 13 , 
pLeS is considerably larger than the spin-only value of 
pLeS = l-73pLB for an S' = 1/2 system, thus confirming 
an orbital contribution to pL^g in the high temperature 
phase of CSO 2 . The Neel ordering transition below 10 K 
is mostly obscured by a low-temperature Curie tail due 
to a small amount of paramagnetic impurities. However, 
a weak feature in x(T') around 9 K in data measured at 
low magnetic field of 0.01 T indicates the transition to 
the ordered state. 

For the EPR measurements, 23.1 mg of powder sample 
was sealed under dynamic vacuum in a standard Suprasil 
quartz tube. The X-band EPR experiments were per¬ 
formed on a home-built spectrometer equipped with a 
Varian E-101 microwave bridge, a Varian TEM104 dual 
cavity resonator, an Oxford Instruments ESR900 cryo¬ 
stat and an Oxford Instruments ITC503 temperature 
controller. The temperature stability was better than 
±0.05 K at all temperatures. The EPR spectra were 
measured on cooling. 


III. RESULTS AND DISCUSSION 

Temperature evolution of the X-band EPR spectra. The 
Cs 02 powder sample shows no detectable X-band EPR 
signal at room temperature. On cooling, a very broad 
line starts to appear below ^ 70 K and becomes very 
pronounced below Tgi (Fig. [5]). For temperatures close 
to Tsi, the EPR spectrum is shifted towards higher fields 
relative to 5 « 2 , thus indicating an orbital angular mo¬ 
mentum contribution in the high-temperature orbitally- 
disordered phase and consistent with the large high- 
temperature pies extracted from the SQUID datai^i^ 
However, as temperature decreases well below T^i, the 
EPR signal narrows and shifts to g ~ 2 resonance-field 
range. The powder spectra are well fitted with the uniax¬ 
ial factor anisotropy, i.e., pxx = dyy 7 ^ convoluted 
with a Lorentzian lineshape broadening whose linewidth 
also has the uniaxial anisotropy, i.e., AB^ = ABy ^ 
ABz- At T = 15 K, an unconstrained fit converges to 
Qxx = Qyy = 1.8886 and g^z = 2.6963, which agree with 
the literature data obtained on single crystalsi^ More¬ 
over, since we consistently find AB^ ~ AH ^/2 at all 
temperatures, we next constrain 2ABx = AB^ = AB to 
find that AB nearly linearly decreases with decreasing 
temperature between 60 and ~ 20 K. The EPR spec¬ 
trum is the narrowest at T = 15 K where AB = 249 mT. 
On further cooling, the signal broadens again as the Neel 
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temperature Tn = 8.3 K is approached from above be¬ 
fore it completely disappears below Tn and is replaced 
by another slightly asymmetric signal shifted to signifi¬ 
cantly lower fields. For example, at T = 7 K this new 
resonance is centered at around 80 mT. Since this sig¬ 
nal is found only below Tn, we tentatively assign it to 
one of the antiferromagnetic resonance modes. At low¬ 
est temperatures we notice another extremely weak peak 
at g « 2.06, which we attribute either to impurity 
centers or to point defects in the antiferromagnetically 
ordered magnetic lattice. 



FIG. 2. (color online) The temperature evolution of the X- 
band EPR spectra in Cs02 powder (grey lines). Dashed 
black lines are fits with the uniaxial p-factor and linewidth 
anisotropy = Qyy / Qzz and AB^ = ABy — ABz/2). 
Solid red lines are fits with Eq. Q to the TLL spectrum. Be¬ 
low the Neel temperature Tn = 8.3 K the paramagnetic EPR 
signal completely disappears and antiferromagnetic resonance 
(marked by *) is observed at around 80 mT at 7 K. At 7 K 
we observe also an extremely weak impurity line at g « 2.06 
(marked by o). 


Linewidth analysis with the Oshikawa-Ajfleck theory. 
As recent structural and NMR investigations of Cs02 in¬ 
terpreted the phase that develops below T^i as a ID-HAF 
phase,— we proceed to discuss the measured EPR spec¬ 
tra (Fig. [2]) in terms of the one-dimensional magnetism. 
We start with the Oshikawa-Affleck theoretical frame¬ 
work of a low-temperature EPR response in S' = 1/2 


one-dimensional Heisenberg antiferromagnets, which pre¬ 
dicts distinct temperature dependences of EPR linewidth 
for the case of anisotropic exchange broadening, where 
AB oc r, as opposed to the case of staggered-field broad¬ 
ening, where AB oc {B/T)^i^ Since we find that AB 
nearly linearly increases with increasing temperature be¬ 
tween 15 K and Tgi (Fig. [3^), we conclude that the 
main anisotropic interaction that broadens EPR spec¬ 
tra is the symmetric anisotropic exchange interaction. A 
rapid increase in AB on cooling between 15 K and Tn 
is attributed to the critical fluctuations just before the 
three-dimensional antiferromagnetic order sets in. In the 
temperature range between Tgi and Tn, the temperature 
dependence of AB is thus fitted to 


AB 


SMsTT V Tn 


— a. 


( 1 ) 


which comprises linewidth contributions from the ID- 
HAF phase with symmetric anisotropic exchange^ and 
from the critical fluctuations, respectively. Here, fcs is 
the Boltzman constant. The constant e amounts to 2 for 
magnetic field directed along the anisotropy axis and to I 
for the perpendicular case, thus nicely accounting for the 
experimental observation AB^ = ABzj2. Since we have 
defined AB = AB^, we use e = 2 in Eq. ©• An excellent 
fit of the experimental EPR linewidth (Eig. [5^) yields the 
constant of symmetric anisotropic exchange S = 0.35J. 
Although we cannot determine the sign of 6, because the 
corresponding linewidth term is proportional to S^, we 
note a significant magnetic anisotropy that is consistent 
with the NMR finding of the Ising-like exchange-coupling 
anisotropy. The magnitude of the critical fluctuations is 
found to be AB^f = 0.12 T and the critical exponent 
a = 0 . 6 . 

Analysis of the EPR spectra within the Tomonaga- 
Luttinger-Liquid framework. The above analysis demon¬ 
strates that the EPR data of Cs02 may indeed be in¬ 
terpreted with the ID-HAF model, at least for 15 K < 
T < Tgi. However, a recent ^^^Cs NMR study of Cs02 
employed the TLL formalism instead^^ so that it is dif¬ 
ficult to directly compare the two results. Therefore, for 
the quantitative comparison with the NMR data we next 
test our EPR data also against the TLL model. 

The EPR spectrum /(w, B) is given by the imaginary 
part of the dynamical spin susceptibility for the trans¬ 
verse direction (i.e., perpendicular to the magnetic field), 
x"(g, w,i?), calculated at the momentum of the excita¬ 
tion q = 0 and at the resonant frequency w, namely 
L{ui,B) = ^wxX((Z = Q,uj,B)V M Here, i?j_ is the 
magnitude of the perpendicular (excitation) microwave 
field, ^0 the permeability of the vacuum and V the vol¬ 
ume of the sample. We stress at this point that the 
EPR spectrum provides complementary information to 
the NMR spin-lattice relaxation rate, which is propor¬ 
tional to x"(g, u;,i?) integrated over the Brillouin zone. 
At low frequencies, the dynamical spin susceptibility has 
nonzero contributions in the vicinity of the four Q vectors 
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in the Brillouin zone, i.e., tt and 27rm for the transverse 
direction, and 0 and 7 r(l — 2m) for the longitudinal di¬ 
rection (i.e., along the magnetic field). Here m is the 
field-induced magnetization, which is related to the two 
TLL parameters, i.e., the dimensionless exponent K and 
the velocity of spin excitations u, via m = BK/iru. The 
first and the third of the listed modes are commensu¬ 
rate, whereas the other two modes are held-dependent 
(through m) and thus incommensurate. Among these, 
the EPR spectrum is determined by the transverse mode 
with nonzero contribution close to g = 0 , i.e., by the 
mode at <5 = 27rm. For this mode the dynamical spin 
susceptibility takes the forir>i 






K- 


i{uj + uSq) 






/3( 


7- 


iijjj — uSq) 


:(-l-7)) 


( 2 ) 


where q = Q + Sq and 6q is small. Here, Cg is the non- 
universal amplitude,— /? is the Euler’s beta function and 
27 = 2K + 1/{2K) — 2. To satisfy the EPR resonance 
condition q = 0 , we have to set 5q = —Q, which finally 
leads to 


/(w, B,T) = - /owr2Hm[F(2 + 7 , fci)F( 7 , fca) + 

-f F(2-h7, fc2)-F'(7, fci)]- (3) 

The signal-intensity prefactor /q is proportional to the 
electronic static spin susceptibility xo, to Bj_ and V. 
The arguments fci ^2 = 2gfisKB) / {271 ksT) and 

the function F{x, y) = f3[{x — iy) /2,1 — a:]. We stress 
that Eq. dS]) is analogous to the one calculated for the 
spin channel of the correlated one-dimensional metals, 
e.g., carbon nanotubesi^ Fitting all the experimental X- 
band EPR spectra (Fig. [2|) in the temperature range 
15K < T < 60K to dI{u!,B,T)/dB with Iq and K as 
the only free parameters produces excellent lineshape fits 
(solid red lines in Fig. [2|) yielding K = 0.48. We note 
that large broadening of the EPR spectra is found as 
soon as K deviates significantly from 1/2, which is again 
reminiscent of the case of interacting itinerant electrons 
in one dimensioni^ 

The temperature dependence of the EPR signal inten¬ 
sity is shown in Fig. [31 d. The intensity shows a broad 
maximum at T^ax « 22 K and is rapidly suppressed upon 
approaching the Neel temperature from above. We note 
that Tmax matches the temperatures of the maxima in the 
bulk susceptibility measurements^ and in the local spin 
susceptibility probed by ^^^Cs NMRj^ The best fit of the 
EPR signal intensity to the ID-HAF spin susceptibility^! 
in the temperature range from 60 K to 15 K is found for 
J = 35 K, which is close to the corresponding J = 40 K 
extracted from the magnetic susceptibility!^ and ^^^Cs 


NMR data—! The deviations of the fit from the data 
points close to T^i are expected due to a large lineshape 
broadening and lineshift in this temperature range (Fig. 
12 ), implying underestimated data values, whereas the dis¬ 
crepancies below ^ 15 K are due to the onset of three- 
dimensional antiferromagnetic correlations. The temper¬ 
ature dependence of the EPR signal intensity and the 
magnitude of the extracted J thus fully corroborate the 
proposed TLL state below Tgi. 


(a) 


7-31 (b) 
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FIG. 3. (color online) (a) Temperature dependence of the 
X-band EPR linewidth as obtained from the lineshape fits of 
Cs02 spectra (open black circles). Solid red line represents 
fits to Eqs. m or which are undistinguishable. Dashed 
blue line shows the contribution of the ID-HAF phase to the 
total EPR linewidth. (b) Temperature dependence of the X- 
band EPR signal intensity of CSO 2 (open black circles). Solid 
red line is fit to the static spin susceptibility of the ID-HAF— 
with J = 35 K. Dotted vertical black lines mark the Neel 
(Tn = 8.3 K) and orbital-ordering temperatures (Tsi = 61 K). 


Finally, since in our case 7 1 and ksT ^ huj, gysB, 

we can by using arguments of Ref. [s^ simplify Eq. © 
to a sum of two Lorentzian components, one centered at 
the positive and the other one at the negative resonance 
field, with the temperature-dependent linewidth 

= Tih; J, 

Not surprisingly, in this limit the temperature depen¬ 
dence of the EPR linewidth takes, in terms of the temper¬ 
ature dependence, the same form as Eq. ©. Therefore, 
fitting the experimental linewidth to 


ah = AHtll + AHcf ^, (5) 

and using the same parameters for critical fluctuations 
ABci and a as above, we find K = 0.48 consistent with 
the value of K obtained from the EPR lineshape fits. To 
solve the problem of antiferromagnetically coupled S = 
1/2 spins in one dimension, both the Oshikawa-Affleck 
and the TLL theories bosonize the spin operators and 
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then use field-theory approaches. However, to calculate 
the EPR response, the older Oshikawa-Affleck theory^i^ 
calculates the EPR width and shift perturbatively. The 
exact solutions for the dynamic spin susceptibilities were 
published only later— and here we take a full advantage 
of these newly made discoveries to calculate exactly the 
EPR spectrum. Given the same starting point for the 
Oshikawa-Affleck and the TLL approaches, it is thus not 
surprising that both theories equally well describe the 
EPR spectra in the parameter range relevant for CSO 2 . 

The most important finding of this work is thus that 
the temperature dependence of the EPR lineshape, the 
EPR linewidth, and the EPR signal intensity fully com¬ 
ply with the interpretation of the orbitally-ordered phase 
of Cs02 in terms of TLL framework, with K consis¬ 
tently converging to the value close to but yet slightly 
smaller than 1/2. The extracted K and the symmet¬ 
ric anisotropy-exchange 6 places CSO 2 on the Ising- 
anisotropy side of the phase diagram. Although this con¬ 
clusion in general agrees with the previous analysis of the 
^^^Cs NMR data3^, we note that K fn 1/2 derived from 
the present EPR data is notably larger than AT « 1/4 ex¬ 
tracted from the high-held (2.35 < B < 9.4 T) NMR ex¬ 
periments on the same sample. This discrepancy remains 
puzzling. However, since EPR and NMR probe the low- 
energy part of x"(q,u;) in a slightly different way, the 
features in the excitation spectrum arising from the ef¬ 
fects of interchain couplings may echo differently in EPR 
and NMR data. The origin of the symmetric anisotropic 
exchange is unclear at the moment, but most likely it 
directly rehects the fact that the Cs’*' ions, characterized 
by a signihcant spin-orbit coupling constant, are bridg¬ 


ing the superexchange between nearest neighboring O 2 
units along the 6—axis. 


IV. CONCLUSIONS 

In conclusion, a systematic analysis of the X-band EPR 
spectra in the low-temperature orbitally-ordered phase 
of Cs02 agrees with the proposed ID-HAF state. Us¬ 
ing either the Oshikawa-Affleck or the TLL theoretical 
frameworks, we find a systematic agreement with the ex¬ 
perimental EPR lineshape, linewidth and signal inten¬ 
sity, thus allowing us a quantitative determination of the 
anisotropy of the symmetric exchange interaction or, al¬ 
ternatively, of the TLL exponent. Therefore, our results 
indeed comply with CSO 2 as a p—orbital system showing 
a quantum antiferromagnetic state where orbital ordering 
is pivotal in the formation of S' = 1/2 spin chains. Since 
similar orbital-ordering physics is ubiquitous to the whole 
family of AO 2 superoxide compounds^ic— and A 40 g^‘^ 
sesquioxide compounds, it would be interesting to test in 
the future the low-dimensional quantum magnetism also 
in these systems. 
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